To assess the influence of the Pitx2 transcription factor on the global gene expression profile of extraocular muscle (EOM) of mice.
T he extraocular muscles (EOMs) have adapted a unique molecular expression pattern, to an extent that some have argued EOM to be classified as a specific allotype as are cardiac, smooth, and skeletal muscles. 1 Its unique properties are driven by the requirements of the visual system for rapid, coordinated eye movements, which resist fatigue. The maintenance of the mature EOM phenotype relies on cell-autonomous and noncell-autonomous regulatory mechanisms. Dissection of these regulatory mechanisms may make it possible to exploit them to modify EOM contractile properties and influence eye movements, which could lead to improvements in treatment for strabismus and other disorders of ocular motility. In addition, appreciation of phenotypic regulation may improve understanding of disease characteristics, such as the sparing of EOM by most muscular dystrophies and their preferential involvement by orbital myositis and myasthenia gravis. 2 The regulation of the molecular signature of the EOM is not understood, but is influenced by extrinsic influences, such as innervation, 3 stretch, 4 ,5 thyroid hormone, 6 and intrinsic properties. Pitx2, a bicoid-like homeobox transcription factor [7] [8] [9] [10] is an intrinsic controller of EOM development and targeted deletion of Pitx2 in mice by homologous recombination leads to agenesis of EOM. 7, 11 We have also determined Pitx2 to be a key regulator of the mature phenotype. 12, 13 Pitx2 is expressed in adult rodent EOM at high levels, 12, 14, 15 and its conditional knockout at about P0 produces EOM without obvious pathology. The conditional knockout of Pitx2 occurs at a time when EOM is continuing to undergo postnatal development including refinement of its mature innervational and myosin expression patterns. 12, 13 However, alterations occur in key characteristics: (1) The Pitx2-deficient EOM are stronger, faster, but more fatigable. ( 2) The characteristic multiple innervation of certain fibers is lost. (3) Expression of myogenic regulatory factors such as myogenin, Myf5, and MyoD is dramatically downregulated. (4) Gene transcripts and protein levels of Myh6, Myh7, and Myh13 isoforms are downregulated, whereas the longitudinal and cross-sectional patterns of expression of 2A-MyHC and 2X-MyHC isoforms are altered. 12, 13 Therefore, Pitx2 must influence several pathways that control the adult EOM phenotype.
In this study, we used gene microarray (Affimetrix, Santa Clara, CA) analysis to evaluate and identify downstream processes regulated by Pitx2 in EOM. A select number of genes encoding major contractile proteins, transcription factors, and ion channels were found to be differentially expressed in Pitx2-deficient mice.
METHODS Animals
Two mouse strains were crossed to generate the Pitx2 conditional knockout mice: muscle creatine kinase (MCK)-Cre mouse strain and the Pitx2 flox/flox mouse strain, as previously described. 12 Determination of the genotype was performed by PCR using genomic DNA isolated from tail tips. Mice that were both Pitx2 flox/flox and Cre positive were referred to as the conditional knockout Pitx2 Dflox/Dflox mice; their littermates, Pitx2 flox/flox mice, were used as controls. Animals were maintained in accordance with National Institutes of Health (NIH) guidelines for animal care. All procedures involving mice were approved by Institutional Animal Use and Care Committees at Saint Louis University. All experiments were conducted in accordance with the principles and procedures established by the NIH and the Association for Assessment and Accreditation of Laboratory Animal Care and in the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Tissue Preparation
Extraocular rectus muscles were dissected at 3 weeks, 6 weeks, and 3 months of age from both Pitx2 Dflox/Dflox and their littermates Pitx2 flox/flox mice. Tissues were snap frozen in liquid N 2 and stored at À808C until use. To minimize interlitter/animal variability, muscles were pooled from three mice for each of three independent replicates/age/muscle groups.
DNA Microarray
Isolation of RNA and preparation of labeled cRNA followed methods described previously. [15] [16] [17] Labeled cRNA was hybridized to mouse genome arrays (Affymetrix GeneChip Mouse Genome 430 2.0 Arrays; Fremont, CA), which interrogate 45,000 probe sets representing 39,000 unique transcripts and variants from over 34,000 wellcharacterized mouse genes. The manufacturer's standard posthybridization wash, double-stain, and scanning protocols used a fluidics station for washing and staining of arrays (Affymetrix GeneChip Fluidics Station 400 and GeneChip Scanner 3000).
Microarray Data Analysis
A commercial software suite (Affymetrix Microarray Suite [MAS], version 5.0) was used for initial data processing and fold ratio analyses. MAS evaluates sets of perfect match (PM) and mismatch (MM) probe sequences to obtain both hybridization signal values and present/ absent calls for each transcript. We used the MAS filter to exclude transcripts that were absent from all samples for further analysis. Present calls for the samples range from 55.70% to 61.40%, with an average of 59.1 6 0.01%. Any transcripts with expression intensity below 300 (fivefold the background level) across all the samples were also excluded since distortion of fold difference values results when expression levels are low and may be within the level of background noise. Pairwise comparisons were used. Transcripts defined as differentially regulated between Pitx2 Dflox/Dflox and Pitx2 flox/flox groups met the criteria of: (1) nine of nine increase/decrease calls each Pitx2 Dflox/Dflox EOM versus Pitx2 Dflox/Dflox EOM in three replicates with nine comparisons and (2) absolute value of the average fold difference value ‡2.0. Hierarchical clustering was performed using the clustering function in commercial software (GeneSpring; Agilent Technologies, Santa Clara, CA). All differentially regulated genes as a gene list and their expression levels were organized by both individual samples as well as groups. Transcript annotations (Affymetrix) were replaced with official gene nomenclature and functions were assigned using information in National Center for Biotechnology Information Entrez Gene, UniGene, and PubMed, and Affymetrix NetAffx and Weizmann Institute of Science GeneCards databases.
Quantitative Real-Time PCR Validation
Selected transcripts were reanalyzed by quantitative real-time PCR (qPCR), using the same samples as in the microarray studies. Quantitative PCR used a PCR core reagent (SYBR green) with a sequence detection system (PRISM 7500 Sequence Detection System; Applied Biosystems, Foster City, CA), as described previously. 12 Mouse GAPDH was used as an internal positive loading control; for primers, see supplemental Table S1 . Fold change values represent averages from triplicate measurements, using the 2 ÀDDCT method. 18 
Western Blot Analysis
EOMs from each mouse were rinsed in cold PBS before being homogenized with a microfuge pellet pestle (Sigma, St. Louis, MO) in 300 lL of homogenization buffer: 250 mM sucrose, 100 mM KCl, 5 mM EDTA, 20 mM Tris plus 1· protease inhibitor cocktail (Sigma, St. Louis). 19 The homogenate was kept on ice with shaking for 30 minutes and then centrifuged for 15 minutes at 13,000g at 48C. The supernatant was removed and the protein concentration was measured using the Bradford method. 20 Muscle lysates containing 20 lg of total protein were separated by SDS-PAGE (7.5% acrylamide). Proteins were electrotransferred to a polyvinylidene difluoride membrane. The membrane was blocked in 5% blotting-grade blocker (Bio-Rad, Hercules, CA) in Tris-buffered saline/Tween (TBST; 150 mM NaCl, 20 mM Tris, 0.1% Tween 20) for at least 1 hour before addition of goat antimyomesin 2 antibody (1:300; Santa Cruz Biotechnology, Inc., Santa Cruz, CA) at 48C overnight. After being washed three times with TBST, the membrane was incubated with anti-goat horseradish peroxidase conjugate (Sigma, St. Louis, MO) at 1:5000 dilution for 1 hour. Membranes were again washed three times with TBST, incubated with reagents from the enhanced chemiluminescent Western blotting detection system (GE Healthcare, Pittsburgh, PA) according to the manufacturer's instructions and exposed to double-emulsion film (classic Blue BX Film; MidSci, St. Louis, MO) to visualize the immunoreactive bands.
Ultrastructural Analysis
Electron microscopy was performed as described by Schneiter et al., 21 with exceptions as noted. The EOMs were dissected from mice with eyeball attached and fixed overnight in 2% glutaraldehyde (with 0.1 M sodium cacodylate). The individual muscle was isolated from the eyeball and washed and postfixed in 1% osmium tetroxide for 30 minutes. Muscle was transferred to 1% uranyl acetate for 1 hour at room temperature, then dehydrated with ethanol and embedded in staining and embedding media (LX-112 resin; Polysciences Inc., Warrington, PA). Longitudinal sections of the orbital layers were cut and stained with 2% uranyl acetate followed by lead citrate electronopaque stain (Reynolds). Sections were examined with an electron microscope (JEM-100 CX11; JEOL, Tokyo) at 80 kV.
RESULTS

Microarray Data Analysis
To identify global patterns of gene expression regulated by Pitx2 in the EOM of the mice, triplicate RNA samples were prepared and further processed for microarray hybridization from the conditional knockout Pitx2
Dflox/Dflox mice and the control Pitx2 flox/flox littermates at 3 weeks, 6 weeks, and 3 months time points. The expression profiling showed 15 upregulated (supplemental Table S2 ) and 27 downregulated (supplemental Table S3 ) transcripts at 3 weeks, 40 upregulated (supplemental Table S4 ) and 74 downregulated (supplemental Table S5 ) transcripts at 6 weeks, 55 upregulated (supplemental Table S6 ) and 130 downregulated (supplemental Table S7 ) transcripts at 3 months in Pitx2 Dflox/Dflox EOM compared with Pitx2 flox/flox EOM at the analogous time points. These genes fell into the following major categories: muscle structural genes, transcription factors, receptors and ion channels, extracellular matrix molecules, molecules involved in metabolisms, responses to stress, immune responses, signaling, and some unclassified molecules and expressed sequence tags. A total of 213 transcripts were found to be differentially expressed in the EOM between Pitx2
Dflox/Dflox and Pitx2 flox/flox mice, covering 3 weeks, 6 weeks, and 3 months time points.
Hierachical cluster analysis ( Fig. 1) showed a distinct temporal change in expression pattern of the genes found to be differentially influenced by the loss of Pitx2 expression. Over the period of 3 weeks to 3 months, EOMs of Pitx2
Dflox/Dflox mice in comparison with the Pitx2 flox/flox mice demonstrate a decreased expression in about two thirds of the differentially expressed genes interrogated and an increase in expression of about one third of differentially expressed genes. The overall alteration of gene expression is also appreciated in Figure 2 .
Comparison of the differentially regulated transcripts across all three time points identified 12 upregulated transcripts (Table 1) and 23 downregulated transcripts (Table 2) common to all three time points. The majority of up-and downregulated genes were related to muscle contraction. Specific gene changes are discussed in the Discussion section.
Real-Time Quantitative PCR
Results of microarray gene expression evaluation were validated by qPCR for 13 select transcripts. The expression levels of four upregulated genes (Kcne1l, Myom2, Ryr3, and Zmynd17) and ten downregulated genes (Cacna2d4, Myh6, Myh7, Myl2, Pln, Psp, Tnnc, TnnI, Tnnt2, and Zfp533) were assessed. Expression changes were normalized to GAPDH expression. The qPCR analysis correlated well with the DNA microarray analysis (Table 3) .
Immunohistochemical Analysis
Genomic profiling and qPCR identified myomesin 2 to be significantly upregulated at all three time points. Western blot analysis demonstrated that myomesin 2 protein was also increased in Pitx2
Dflox/Dflox EOM (Fig. 3) . Myomesin 2 is undetectable in the EOM of the wild-type Pitx2 flox/flox mice, whereas it is readily identified in extensor digitorum longus and heart. In contrast, in EOM from the Pitx2 Dflox/Dflox mice, myomesin 2 is expressed at levels comparable to those of the extensor muscle. The upregulation of both transcript and protein levels of myomesin 2 prompted us to examine the ultrastructure of the sarcomere since myomesin 2 is one of the principal scaffolding components of M-lines, which cross-link the thick filaments of the sarcomere in place. 22, 23 M-lines were present in the orbital layer of the Pitx2 Dflox/Dflox EOM (Fig. 3C ), whereas the M-lines were not detected in the Pitx2 flox/flox EOM (Fig. 3B) . The analysis was performed only on the orbital layers because of the much greater complexity of global layer fibertype composition. 24 
DISCUSSION
Our investigation demonstrates that Pitx2 in the immediate postnatal period controls a relatively select number of genes primarily involved in muscle contraction. The Pitx2 conditional knockout EOM had a gradual decrease in expression of two thirds of the differentially expressed genes compared with Pitx2-sufficient EOM, suggesting that Pitx2 primarily acts through initiation of gene expression. Pitx2 was found to influence transcript levels of genes that are involved in characteristics that are a hallmark of wild-type EOM. The absence of Pitx2 led to the expression of myomesin 2 and return of M-lines to orbital fibers, a characteristic of other skeletal muscle. 25 Our previous studies demonstrated the loss of three unique characteristics of EOMs: (1) special MyHC isoform expression (a-cardiac MyHC, slow-MyHC, eom-MyHC, and slow-tonic MyHC), (2) the variation in longitudinal expression of many MyHC isoforms, and (3) multiinnervation. 12, 13 Coupled with the present evaluations, we conclude that Pitx2 in the mature EOM is responsible for regulation of genes involved in establishment of unique aspects of EOM contractile properties. 
Myosin Heavy Chain and Related Genes
We have previously detailed the gene and protein expression patterns of myosin heavy chains in wild-type and Pitx2-deficient EOMs. 13, 26 Of the nine myosin heavy chain isoforms expressed in EOMs, four of them (Myh6, Myh7, Myh13, and Myh14) exhibited a dramatic decrease in the expression of both transcript and protein levels, whereas Myh1 and Myh2 had altered cross-sectional and longitudinal expression patterns, although the transcript levels did not show a significant change. Our current genomic profiling demonstrated that Myh6 and Myh7 transcripts were dramatically reduced, as were transcripts of troponins expected to bind these myosin heavy chains, 27 whereas transcript levels for Myh1, Myh2, Myh3, and Myh4 were not significantly altered (data not shown), supporting our previous data with qPCR and immunohistochemistry. 12, 13 Myh13 and Myh14, which are expressed in EOMs, 28, 29 were not represented on the gene chips used for this investigation. Western blot analysis (A) showed that myomesin 2 is not expressed in Pitx2 flox/flox extraocular muscle but readily detected in the Pitx2 Dflox/Dflox extraocular muscle. This upregulation is unique to extraocular muscle as myomesin 2 is expressed in both extensor digitorum longus and heart at comparable levels between Pitx2 Dflox/Dflox and Pitx2 flox/flox mice. Duplicate samples of EOM tissues from two different mice of both Pitx2 Dflox/Dflox and Pitx2 flox/flox genotypes were used for Western blot analysis. Electron microscopy showed that sarcomeres of the extraocular muscles from the Pitx2 flox/flox mice (B) do not have M-lines, whereas that from Pitx2 Dflox/Dflox mice (C) now have M-lines. 
Structural Proteins
The sarcomere is the functional and structural unit for the striated musculature, in which the thin actin filaments and the thick myosin filaments are arranged into an orderly lattice.
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Myomesin 1 and myomesin 2 are the principal scaffolding components of M-lines, which cross-link the thick filaments in sarcomeres. M-lines tend to be most prominent in fast-twitch muscle fibers and myomesin 2 is found exclusively in fasttwitch fibers. 22, 23 Myomesin 2 is thought to improve the stability of thick filament lattices by increasing their stiffness and thus increasing their force generation. 30 After early developmental stages of EOM, myomesin expression is downregulated, 31, 32 and sarcomeres develop a ''fuzzy'' appearance, weaker M-bands, and poor lattice order. Despite their rapid contractile characteristics, adult EOM fibers of rodents do not express myomesin 2 and lack well-structured M-lines typical of other skeletal muscle. 24, 31, 33 Wiesen and colleagues 24 hypothesized that the poor lattice structure of sarcomeres lacking M-line components in EOM would contribute to the fibers being more elastic and having lower force generation. 24, 34, 35 In the Pitx2 Dflox/Dflox mice, myomesin 2 transcripts were found to be significantly increased in the genomic profile. The profiling observations were verified by qPCR and immunoblot analysis. Ultrastructural analysis was focused on orbital region fibers, since they are known to have a particularly poorly defined M-line structure, whereas global region fibers are much more heterogeneous. 24 Interestingly, Mlines were identified in fibers of the Pitx2-deficient mice but not in the Pitx2 flox/flox mice. Previous physiological studies 12 of EOM from Pitx2
Dflox/Dflox mice identified the muscles to have greater force generation, which would support the contention espoused by Wiesen and colleagues 24 that mature M-line structures would enhance force generation.
Channel and Transport
Across the three time points we found the transcript for the potassium channel ancillary protein Kcne1 to be increased in expression in the Pitx2 Dflox/Dflox EOM. KCNE peptides influence expression, pharmacology, and physiologic properties of potassium channels. 36 KCNE1 slows voltage-stimulated channel activation, increases conductance, and eliminates channel inactivation. 37, 38 The expectation of KCNE1 upregulation in the Pitx2 Dflox/Dflox EOM would be to terminate muscle depolarization more rapidly, producing a more rapid twitch contraction, which is what we have observed. 12 The expression of ryanodine receptor 3 (RyR3) was also found to gradually increase over time. The RyR3 gene encodes the intracellular Ca 2+ release channel ryanodine receptor. 39 Together, RyR3 along with RyR1 control the resting calcium ion concentration in skeletal muscle. 40 Enhanced expression of RyR3 would be expected to lead to more rapid calcium sequestration and a shorter twitch, which is what we observed in Pitx2-deficient EOM. Cacna2d4 encodes an L-type calcium channel auxiliary subunit gene. 41 In skeletal muscle, opening of the L-type calcium channel in the sarcoplasmic reticulum (SR) causes opening of the ryanodine receptor. Calcium released from the SR binds to troponin C on the actin filaments as part of activation of muscle contraction. In human embryonic kidney 293 cells, the Cacna2d4 subunit increases calcium influx. 41 If the same occurs in EOM, the reduced expression of Cacna2d4 in the Pitx2-deficient mice may lead to a shorter period of contraction. Phospholamban interacts with the SR calcium pump (SERCA) and decreases SERCA calcium affinity, thereby reducing contractile force. 42 Phospholamban is preferentially expressed in slow-twitch fibers. 43 The Ca affinity for Ca transport of SERCA 1 or 2, both of which are expressed in EOM, is lowered by coexpression with phospholamban. 44 Here again, the reduction of phospholamban expression would serve to increase the force of contraction, which is exactly what was observed in our previous contractile studies.
The gene transcript encoding the a-subunit of acetylcholine receptor was reduced in the Pitx2-deficient EOM. Our previous investigation 13 identified loss of multiinnervation, which likely explains the reduced production of the a-subunit transcript.
Transcriptional Factors
We identified alterations in transcriptional factors (Zmynd17, Zdhhc23, Zfp385b), each of which have zinc finger domains. Although it is known that Zfp385b is expressed in heart and ocular tissues, 45 the function of these transcription factors is otherwise unknown. Their differential expression is influenced by Pitx2 deficiency and presumably has a functional role in influencing the mature EOM phenotype.
Cortexin 3
Cortexin 3 was found upregulated across all three time points of investigation. Previously, identified only in kidney and brain, 46 cortexin 3 has been found to promote neurite growth in culture. 47 A highly speculative interpretation of this observation would be that cortexin 3 upregulation is a response to the loss of multiinnervation in the Pitx2-deficient EOM and is an attempt to induce neurite outgrowth.
CONCLUSIONS
Our investigations indicate that Pitx2 in the mature EOM regulates a subset of genes primarily related to muscle contraction (Fig. 4) . From the present evaluation, we cannot determine whether Pitx2 directly regulates transcription of these genes or whether it acts through intermediaries. The alteration of contractile characteristics and multiinnervation is also likely to influence gene expression indirectly in the EOM of Pitx2 Dflox/Dflox mice. Further definition of transcription regulation of the adult EOM phenotype will allow a logical manipulation of gene transcription, to modify EOM contraction for therapeutic purposes.
